Abstract: The characteristics of AlGaN-based deep-ultraviolet (DUV) light-emitting diodes (LEDs) with polarization-doped p-type layers were numerically analyzed. The energy band diagrams, carrier distributions in the multiple quantum wells (MQWs) and the p-type regions, electroluminescence spectra, current-versus-voltage (I-V) curves, and radiative recombination rates in MQWs, were investigated. The results indicate that DUV LEDs with polarization-doped p-type layers have lower electron leakage, better hole injection efficiency, and higher lighting emission intensity over conventional DUV LEDs. The results also reveal a significant improvement on these characteristics by increasing the Al content of the last quantum barrier in polarization-doped DUV LEDs.
Introduction
Deep ultraviolet (DUV) light-emitting diodes (LEDs) with emission wavelengths shorter than 300 nm have a wide range of potential applications, including air and water purification, gas sensing, high-density optical storage, and non-line-of-sight communication [1] - [3] . Due to direct and tunable band gaps between 3.4 and 6.2 eV, AlGaN alloys are very promising materials in the realization of DUV LEDs. Al-rich AlGaN plays an important role in DUV LED structures because it serves as an Mg doped electron blocking layer (EBL), as well as an active region of the device [4] - [9] . However, Mg acceptor activation energy in p-type Al x Ga 1-x N layers increases linearly with Al composition, which results in ineffective acceptor activation, low hole concentration, and low p-type conductivity [10] . There are several methods to improve the activation efficiency of the Mg dopants and achieve a high 2-D hole concentration, such as Mg delta doping [11] , short-period superlattice (SL) of AlGaN/GaN [12] , and modulation-doped AlGaN/GaN SL [13] , but even in short-period superlattice structures, conductivity perpendicular to the interfaces is not enough high due to the large effective mass and potential barriers of holes in the valence band and hence results in low mobility and high resistance. The injection of holes into the active region will also be low efficiency in DUV LED for the low conductivity of p-type Al-rich AlGaN alloys as electron blocking layer. Moreover, electrons tend to escape from the active region because its effective mass is lighter than that of holes in nitride semiconductors. Therefore, electron overflow from the active region into the p-GaN contact layer is another severe problem in DUV LED, which reduced the emission efficiency. It seems that the problem can be alleviated by enhancing the Al content in p-type AlGaN EBL. Spontaneous and piezoelectric polarizations lead to severe bent downwards in the conductive band of the last quantum barrier (LQB)/EBL interface, however, the band-bending can be further aggravated along with increasing Al content in p-type AlGaN EBL. Therefore, leaked electrons may accumulate in the LQB/EBL interface and produce radiative recombine with holes and result in unanticipated emission in shorter wavelength [14] , [15] .
Recently, several groups have attempted different methods to resolve the before mentioned two problems. Zhang et al. [16] , [17] have improved the internal quantum efficiency of GaN-based blue LEDs by a called polarization-doping method proposed by Simon et al. [18] . Remarkably, polarization-doping method would also offer much more unexplored advantages for AlGaN-based DUV LEDs due to stronger polarization effect in AlGaN than in GaN. One effective approach in circumventing conductive band bending at the LQB/EBL interface is introducing a superlattice structure between the last quantum well and EBL. This superlattice formed a series of deep potential wells, which can effectively alleviate the strong electrostatic fields caused by polarization [19] , [20] . Even so, the band downwards still exists and more electrons can be captured by the superlattices, which likely leads to very severely parasitic emission in shorter wavelength.
In this paper, we investigated numerically the effects of polarization-doping in AlGaN p-type layer and Al composition of LQB on the performances of DUV LEDs by using the SILVACO simulation program. The characteristics of the DUV LEDs with polarization-doped AlGaN p-type layer have been studied and compared to conventional DUV LEDs with Mg-doped AlGaN p-type layer. The polarization-doped DUV LEDs exhibit better performances such higher electroluminescence (EL) intensities, enhanced radiative recombination rate, and more superior rectifying properties. Differing from increasing the Al content of EBL, increasing Al content of LQB can make the conductive band of LQB bend upwards, which can effectively enhance electron blocking and eliminate the accumulation of the leaked electrons.
Device Design and Structure
The schematic diagrams of DUV LEDs with polarization-doped AlGaN p-type layer and with conventional AlGaN EBL are shown in Fig. 1 (a) and (b), respectively. The DUV LED's structure (denoted as structure A) is consisted of a 1-m-thick AlN template on c-face sapphire used as underlying substrates, a 0.5-m-thick undoped Al 0.6 Ga 0.4 N layer, a 1-m-thick Si-doped n-type Al 0.6 Ga 0.4 N layer followed by an active region composed of six-period pairs of an Al 0.48 Ga 0.52 N quantum well layer (3 nm) and an Al 0.6 Ga 0.4 N barrier layer (7 nm), a 70-nm-thick polarizationdoped p-type Al x Ga 1-x N layer, and a 80-nm-thick Mg-doped p-type GaN contact layer. The Al composition in polarization-doped p-type Al x Ga 1-x N layers is graded along the Ga-face orientation from 0.65 to 0 with 0.05 as the step size. Another DUV LED's structure (denoted as structure B) has similar structure as structure A except for employing a higher Al content of 0.65 in the LQB. The third structure (denoted as structure C) with a conventional 25-nm-thick p-type Al 0.65 Ga 0.35 N EBL was used as the reference LED. For all three structures of DUV LED, the Si-doping level is 2 Â 10 18 cm À3 , and the Mg dopant concentration is 1 Â 10 19 cm À3 . The band offset ratio Á E C =Á E V is assumed to be 0.7 / 0.3 for III-nitride material systems. The interface charge densities of spontaneous and piezoelectric polarization are calculated by assuming that the charges are with a screening of 60% caused by defects. Poisson's equation and carrier continuity equation are applied with carrier concentration dependent mobility model in SILVACO software package. The other detailed material parameters used in the simulation can be found in our previous work [21] . The device geometry is 100 Â 100 m 2 .
Numerical Results and Discussions
As shown in Fig. 2 , the calculated hole distributions of the p-type region in thermal equilibrium state for the polarization-doped and the conventional DUV LEDs are quite different. The holes exhibit a uniform distribution in the graded p-type layer due to polarization induced 3-D hole gas (3 DHG) [11] . Theoretically, the interface charge density is $ 5 Â 10
13 Â x 0 =d cm À3 [18] , where x 0 and d are the maximum Al content and the thickness (in centimeters) of the graded p-type layer, respectively. Considering the screening effect caused by defects, the hole concentration of the graded p-type layer is 1:86 Â 10 18 cm À3 when x 0 and d are 0.65 and 70 nm, respectively. This value is in good agreement with numerical result as shown in Fig. 2 (blue line) . In contrast, holes mainly accumulate at the two abrupt heterointerfaces in the conventional DUV LED. Apparently, the polarization doped DUV LED with uniformly distributed holes in the graded p-type layer has a higher hole mobility and an improved conductivity along growth direction compared with the conventional one in which the holes need to cross or tunnel potential barrier at the abrupt heterointerfaces. Fig. 3 shows the energy band diagrams of three LEDs at an injection current of 150 mA. It can clearly be seen that large spontaneous and piezoelectric polarizations pull down the conductive band at the LQB/EBL interface for structure A and structure C, which reduces the effective potential barrier height for the electrons of active region and causes the accumulation of the leaked electrons here. In addition, the EBL in structure C acts as a potential barrier for holes due to bend downward in the valence band, which hinders the injection of holes into the active region and makes a low hole injection efficiency. More particularly, for the structure B, conductive band at the LQB/EBL interface bends upwards due to the increase of Al content in LQB, which enhances the capability of electron blocking. It can also be seen from Fig. 3 that the increase in the band gap Á Eg caused by increasing Al content appears mainly in the conduction band, which has little effect on the hole injection. The structure B with the graded composition layer exhibits higher potential barrier for electrons from the active region than the other two structures and, meanwhile, has a smoother valence-band which can improve hole mobility efficiently in the vertical direction and hence achieves a higher hole injection efficiency.
The calculated electron distributions of the three LEDs at an injection current of 150 mA are shown in Fig. 4(a) on a logarithmic scale. For the polarization-doped DUV LEDs, the leaked electron concentration in the graded AlGaN layers is almost one order of magnitude lower than that in the conventional DUV LED. Moreover, increasing Al content in LQB can further decrease the leaked electron concentration in the p-type region when compared the structure A and C. While the electron concentration in the multiple quantum wells (MQWs) in the polarizationdoped DUV LEDs is much higher than that in the conventional DUV LED. However, structure B exhibits the lowest leaked electron concentration in the p-type region and the highest electron concentration in the MQWs, indicating that the localization of electron in the structure B is enhanced efficiently by polarization doping of p-type layer and increasing Al content in LQB. Like the situation in electron concentration, the hole concentration in MQWs of the structure B is also highest (see inset), as shown in Fig. 4(b) . Except for the smoother valence band caused by polarization-doping, the polarization-doping layer (PDL) in the polarization-doped DUV LEDs has a more uniform hole distribution and a higher hole concentration than the EBL in the conventional LED, which will be more beneficial for holes to move towards the active region.
The electroluminescence (EL) spectra and I-V characteristics of three DUV LEDs are plotted in Fig. 5(a) and (b), respectively. As can be seen in Fig. 5(a) , the EL intensity of the polarizationdoped DUV LEDs are around 16.3% (34 %) stronger than that of the conventional DUV LED for structure A (structure B). The cause for the superiority of DUV LED with PDLs can be attributed to the combined effects of the improved capability of electron blocking and the more efficient hole injection by polarization doping of p-type layer and increasing Al content in LQB. The forward voltage at 20 mA for the polarization doped DUV LEDs (5.5 V) is higher than that of the conventional DUV LED (5.1 V), as shown in Fig. 5(b) . When the applied voltage further increases, the injection current for the polarization-doped DUV LEDs increases sharper than that for the conventional DUV LED. This is most likely due to the changes of the electrostatic fields inside the quantum barriers (QBs) as the applied voltage increases, as observed in Fig. 6(a) and (b). Fig. 6(a) and (b) show the calculated electrostatic fields inside QBs of the three LEDs in thermal equilibrium state and at the injection current of 150 mA, respectively. It can be seen that the electrostatic fields of the polarization-doped DUV LEDs are stronger than that of the conventional DUV LED inside QBs in thermal equilibrium state. When the injection current reaches 150 mA, however, the electrostatic field inside QBs of the conventional DUV LED exceeds that of the polarization doped DUV LEDs. For Ga-polar DUV LEDs, band bending caused by the electrostatic fields inside QBs opposes injection of carriers into the quantum wells. So the polarizationdoped DUV LEDs are more beneficial to carrier injection in the case of high injection current.
The calculated radiative recombination rates of three LEDs at the injection current of 150 mA are shown in Fig. 7 . It can be seen that the radiative recombination rates of structure A and B far surpass the level of that for structure C and exhibit uniform enhancement in each quantum well, indicating the markedly improved performance of the DUV LEDs with PDL. The higher radiative recombination rates in structure A and B benefit from lower electron leakage and more efficient hole injection, which results in remarkably enhanced EL intensities, as illustrated in Fig. 5(a) . Besides, by optimizing the polarization effect in PDL in the way of increasing the Al content of LQB, the structure B shows the highest radiative recombination rate.
Conclusion
In summary, polarization doping in the p-type layers of the DUV LEDs is an effective way to improve the performance of these LEDs. Remarkable enhancements of the EL intensity and the capability of electron blocking in the DUV LEDs with PDLs over the conventional DUV LED were demonstrated. Moreover, increasing Al content of LQB in the polarization-doped DUV LED can improve further the device performances.
